Abstract. In this work, we propose to couple the Gurson-Tvergaard-Needleman (GTN) model, known for its widespread use to describe damage evolution in metallic materials, to the Rice localization criterion. The implementation of the constitutive modeling is achieved via a user material (UMAT) subroutine in the commercial finite element code ABAQUS. Large deformations are taken into account within a three dimensional co-rotational framework. The effectiveness of the proposed coupling for the prediction of the formability of stretched metal sheets is shown and Forming Limit Diagrams (FLDs) are plotted for an Aluminum alloy. A sensitivity analysis with respect to hardening parameters is carried out, and it is shown that these effects are much smaller for the case of the Rice criterion when compared to classical criteria commonly utilized in metal forming.
Introduction
Since the pioneering work of Keeler [1] , forming limit curves are still a powerful concept for characterizing ductility of sheet metals subjected to forming operations. This concept was originally based upon an experimental approach involving metal sheets of different geometries in order to scan a certain range of loading paths. However, the experimental approach is expensive and time consuming. For these reasons, many researchers became interested in the prediction of forming limit curves by theoretical approaches. Two ingredients are necessary to achieve this end. On one hand, a constitutive law is needed to reproduce the material response to a given loading path and, on the other hand, a localization criterion is introduced to detect the occurrence of plastic instabilities. In the current work, the formability limits of metal sheets are investigated by means of GTN-Rice [2] [3] [4] modeling taking into account damage evolution by void nucleation, growth and coalescence. The paper is organized as follows: first, we give a brief recall of the GTN model including the expression of the elasto-plastic tangent modulus, and then the expression of the acoustic tensor is derived within a finite strain framework. In the results and discussion section, we show the effectiveness of the proposed modeling for the prediction of forming limit diagrams (FLDs) including a sensitivity analysis to the hardening parameters. Finally, some concluding remarks are drawn as well as some directions for future work.
Constitutive model
The GTN model is probably one of the most popular damage models for the prediction of the ductile fracture. This model was originally proposed by Gurson [2] to describe nucleation and growth of voids in a finite medium and was extended in a phenomenological manner by Needleman and Tvergaard [3] to better fit experimental results. This macroscopic yield function is given by the following relation: represent, respectively, the macroscopic equivalent stress and the macroscopic average stress. σ is the yield stress of the fully dense matrix; here only isotropic hardening is considered using a Swift law defined as follows:
where k , 0 ε and n are parameters of the Swift hardening law and p ε is the equivalent plastic strain of the matrix material. q 1 , q 2 and q 3 are the Tvergaard parameters and * f represents the effective porosity, which will be defined hereafter. The plastic part p D of the macroscopic strain rate and the rate of equivalent plastic strain p ε are assumed to be related by the equivalent plastic work expression as follows:
where f represents the porosity and Σ Σ Σ Σ the macroscopic Cauchy stress tensor. We also define the expression of the plastic strain rate as follows:
such as λ represents the plastic multiplier, and Σ Φ = ∂ ∂ V Σ is the flow direction tensor. By injecting Eq. 4 into Eq. 3, one obtains the rate of equivalent microscopic stress given by the following relation:
( )
Before coalescence, the evolution of porosity is mainly due to two phenomena: nucleation and growth. It is thus possible to express the porosity rate as follows:
where n f and g f represent the porosity rate due to nucleation and growth, respectively. In this work, it is considered that nucleation is strain controlled; in this case the evolution law of n f is given by the following relation:
where N f represents the volume fraction of inclusions likely to nucleate, N ε the equivalent plastic strain for which half of inclusions have nucleated and N s the standard deviation on N ε . The porosity rate due to growth depends strongly on the stress triaxiality and is given by the following relation:
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The detection of coalescence stage uses the phenomenological criterion introduced by Needleman and Tvergaard [3] , by means of the effective porosity such as:
where cr f represents the critical porosity and GTN δ an acceleration parameter. The use of an implicit finite element program implies necessarily to update at each loading increment the stress field, the set of internal variables and the elasto-plastic tangent modulus. Following Sánchez et al. [5] (see also [6] ) the latter quantity is given by the following relation:
such as: 
Instability criterion
In addition to the constitutive model, prediction of forming limits requires the use of an instability criterion allowing detection of shear bands. The instability criterion selected in this work is the Rice localization criterion [4] , based on the singularity of the acoustic tensor. This instability indicator can be derived from the Hadamard compatibility condition and the static equilibrium equation and is given by the following relation:
where Q represents the so-called acoustic tensor, n the normal to the localization band and L the tangent modulus, which relates the nominal stress rate tensor to the velocity gradient (see e.g. Haddag et al. [7] ). Its expression is given by the following relation: 
Results and discussion
In what precedes, the coupling of the GTN model to Rice's localization criterion was briefly described. In this section, some results obtained by means of this coupling are illustrated. The studied material corresponds to an Aluminum alloy AA5182. The parameters related to this material were drawn from literature and are reported in the following tables (see Brunet et al. [8] for more details on the material): Fig. 1 .a illustrates the effect of the convective terms (L 1 , L 2 and L 3 in Eq. 13) on the prediction of FLDs, and it appears that this effect is negligibly small in the case of the AA5182 material. Thus, in this case the considered instability indicator reduces to the one obtained under small strain hypothesis (i.e. considering the Cauchy stress rate in the static rate equilibrium equation). Strain-path change effect has been studied by several authors showing the strong dependency of strain based FLDs on non linear loading paths. Figure 1 .b illustrates two FLDs obtained with a 5% balanced biaxial tension (BBT) and a 10% uniaxial tension (UT) pre-strain along with the one obtained without pre-deformation. One can note that strain-path dependency obtained by experiments is well recovered, where the translation of the FLD to the left is observed when applying a uniaxial tensile strain, whereas for the balanced biaxial loading, the FLD translates to the right.
Effect of hardening parameters
The GTN damage parameters have an important impact on the occurrence of localization; it was shown that increasing the acceleration term GTN δ (see Eq. 9) tends to promote plastic strain instability [6] . More generally, the onset of coalescence and the behavior of the material during the softening regime have a major impact on the predicted FLDs. In the current work, we pursue this study by analyzing the effect of hardening parameters (see Table 1 [9] approach or the modified maximum force criterion (Hora et al. [10] ), hardening parameters have a major effect on the predicted FLDs, here for the case of the GTN-Rice modeling, it seems that this effect is much smaller.
Conclusion
In this work, a GTN model has been coupled to Rice's localization criterion for the prediction of forming limit diagrams. This modeling approach was applied to an Aluminum alloy. The GTN-Rice modeling was able to reproduce the strain-path dependence of a strain based FLD. The effect of convective terms can be neglected for this material, and the resulting GTN-Rice coupling appears to be more sensitive to damage parameters related to the softening regime as compared to the hardening parameters.
